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Our previous work has demonstrated that reversed-phase chromatographic micro-beads can
be used to capture proteins from complex biological matrices and the surface-bound proteins
can be enzymatically digested for protein identification by mass spectrometry (MS). Here we
examine the peptides generated from digestion of proteins bound to various types of
micro-bead surfaces in order to determine the effects of surface chemistry and surface
morphology on the digestion process. Detailed examinations of site cleavages and sequence
coverage are carried out for a tryptic digestion of cytochrome c adsorbed on reversed-phase
polystyrene divinylbenzene (Poros R2 beads) versus C18 bonded-phase silica beads. It is shown
that although the surface does not completely hinder the digestion of cleavage sites of the
protein, the digestion products are clearly different than those obtained from a solution digest.
Specifically, a partial digestion results from surface digestion, resulting in a greater number of
missed cleavages than a comparable solution digest. Subsequent comparisons of peptide mass
maps generated from the digestion of various proteins on surfaces with altering chemistry (C4,
C8, C18, and R2 beads), or with different surface morphology, were performed. The results
reveal that surface chemistry plays only a minor role in affecting the peptide mass maps, and
surface morphology had no noticeable effects on the resulting peptide mass maps. It is also
shown that the mass spectrometric detection method used to analyze the digested peptides can
significantly influence the information content on cleavage sites and the extent of sequence
coverage. The use of a combination of MALDI, LC/off-line MALDI, and LC/ESI MS is
demonstrated to be crucial in revealing subtle changes in the peptide mass maps. (J Am Soc
Mass Spectrom 2003, 14, 203–214) © 2003 American Society for Mass Spectrometry
There has been a long-standing interest in per-forming enzymatic digestion of proteins whilethe sample is bound to a surface or substrate for
the purpose of protein identification by either Edman
sequencing or by mass spectrometry (MS). For example,
protease digestion of proteins electroblotted onto nitro-
cellulose was demonstrated by Aebersold et al. in 1987
[1]. In a more recent application, endoprotease diges-
tion of surface-bound proteins has been applied to the
technique of surface-enhanced laser desorption ioniza-
tion (SELDI) MS [2–4]. The SELDI technique involves
the use of surfaces with various functional activities to
capture target proteins. Following protein capture, en-
doprotease digestion can be directly performed in situ,
with the resulting peptides analyzed by MS. In our
previous work, we have demonstrated the utility of a
protein-digestion protocol involving an initial capture
of proteins onto reversed-phase (hydrophobic) chroma-
tography beads, followed by tryptic digestion of the
bound protein for MS analysis [5–7]. Our research goal
is to develop an integrated system for automated pro-
tein sample cleanup, preconcentration, digestion, and
subsequent MS analysis of the digestion products for
protein identification. Although our earlier results re-
veal that surface-bound proteins will undergo enzy-
matic cleavage, the specific effects of protein adsorp-
tion, surface chemistry, and morphology on the
digestion process have not yet been explored.
Considering that protein sequence information ob-
tained by MS is strongly dependent on the extent of
protein digestion, understanding the digestion process
of surface-bound proteins is clearly important in devel-
oping an effective protein identification and character-
ization method involving surface digestion. However,
to our knowledge, there has been no systematic inves-
tigation on the effects of varying hydrophobic surface
chemistry and morphology on the digestion of surface-
bound proteins. Although a number of reports have
demonstrated the feasibility of digesting proteins while
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bound to various types of membrane surfaces [1, 8–17],
there are conflicting results on the extent of proteolysis
that has been observed on membranes. For example,
Scleuder et al. reported on their digestion results using
hydrophobic versus hydrophilic membranes in the
form of modified or unmodified polyvinylidene fluo-
ride (PVDF), concluding that superior peptide mass
fingerprints can be obtained using a hydrophilic mem-
brane [14]. It was shown that the digestion results on
hydrophobic membranes were poor, providing irrepro-
ducibly positive results at best. In another report, how-
ever, Bienvenut et al. observed that in situ digestion on
a hydrophobic membrane generates similar peptide
mass maps as those obtained from in-gel digestion [9].
These conflicting results may well reflect the differences
in experimental conditions used for digestion of mem-
brane-bound proteins.
For our bead-digestion application [5–7], the experi-
mental conditions used are quite different from those
described in the above mentioned reports. An intuitive
consequence of protein adsorption to a hydrophobic
bead surface is that interactions between the protein
and surface may lead to inaccessibility of the enzyme to
cleave certain digestion sites of the protein. Supporting
evidence for this was given by Aguilar et al., who found
that for a protein adsorbed to reversed-phase bonded
silica, only those sites exposed to the solvent were
accessible to proteolysis [18]. They reported that a
tryptic digestion of cytochrome c adsorbed to reversed-
phase C18 beads was blocked at certain amino acid
residues that correspond to regions of protein contact
with the surface. In some related work, proteins bound
to antibodies have been digested with enzymes as a
means of mapping epitopes [19–21]. Chemical modifi-
cation of free versus antibody-bound proteins has also
been used to study protein binding sites [22]. It has been
shown that the rate of enzymatic cleavage or chemical
reactivity for a protein complex is reduced, most signif-
icantly at regions where the protein is in contact with
the antibody (the epitope). Similarly, our previous
results on biotinated proteins complexed to avidin
coated beads revealed that such interactions prevented
efficient trypsin digestion [23, 24]. However, these in-
teractions are quite different from those that are expe-
rienced by a protein adsorbed to a hydrophobic surface.
There were also reports indicating that the interac-
tions between a protein and a surface may improve the
overall digestion efficiency. Litborn et al. observed an
increase in the digestion efficiency for protein samples
contained in nanovials and hypothesized that the high
surface-to-volume ratio of the nanovials helped to pro-
mote surface-induced protein denaturation [25]. In
Aguilar’s report on the digestion of proteins on a C18, it
was also suggested that conformational changes could
result in certain residues becoming increasingly acces-
sible, thereby increasing digestion efficiency at these
sites [18]. Guillochon and co-workers made use of a
surface digestion protocol to generate unique peptide
fragments of hemoglobin through chymotryptic and V8
protease hydrolysis of the protein adsorbed on an
anionic resin [26, 27].
In this work, we present our studies on the digestion
characteristics of surface-bound proteins. In particular,
the digestion of a protein on different types of hydro-
phobic supports is explored. Optimal conditions for
digestion of adsorbed proteins on these surfaces are
therefore determined. In addition, we demonstrate that
using a combination of direct matrix-assisted laser
desorption ionization (MALDI), liquid chromatography
(LC)/off-line MALDI, and LC/electrospray ionization
(ESI) MS analysis, instead of using a single MS detection
technique by itself, subtle changes in protein digestion
characteristics can be revealed.
Experimental
Materials and Reagents
The proteins used in this study, including the enzyme
trypsin (from bovine pancreas, TPCK treated to reduce
chymotrypsin activity; dialyzed, lyophilized) were from
Sigma Aldrich Canada (Oakville, Ontario, Canada).
Poros 20 R2 beads (20 m) were from PerSeptive
Biosystems (a gift of Professor F. Cantwell, University
of Alberta). PRP-3 (12–20 m), PRP-1 (12–20 m), and
PRP-Infinity (4 m) beads were purchased from Ham-
ilton Company (Reno, NV). Reversed-phase C18, C8,
and C4 bonded-phase silica beads (20–30 m) were
from Vydac (Hesperia, CA). The 1–200 L Micro capil-
lary Tips (gel loader tips) were purchased from Rose
Scientific (Edmonton, Alberta, Canada). The glass mi-
cro-fiber filters were from Whatman (Maidstone, UK).
A BioRad protein assay kit based on the Bradford
Protein Assay was used to quantify the amount of
protein in solution. Analytical grade acetone, methanol,
acetonitrile, acetic acid, and trifluoroacetic acid (TFA)
were from Caledon Laboratories (Edmonton, Alberta,
Canada). Water used in the experiments was from a
NANOpure water system (Barnstead/Thermolyne,
Dubuque, Iowa). All other chemicals were purchased
from Sigma Aldrich Canada.
Digestion of Cytochrome c Adsorbed on
Micro-Beads
Poros R2 beads or Vydac C18 silica beads were saturated
with cytochrome c and subjected to tryptic digestion
using a procedure similar to that described by Aguilar
et al. [18]. The beads (7.5 mg) were first washed in
methanol and then in 35% acetonitrile/water and
gently shaken for 2 h in a 500 L solution of 7.5 mg/mL
cytochrome c. Following this, the beads were washed
with four changes of enzyme buffer (50 mM NH4HCO3
containing 2 mM CaCl2). The beads were incubated
with shaking in 0.5 mL of enzyme buffer containing 75
g of trypsin for 20 h at 37 °C. The reaction was
terminated with 2 drops of 2 M HCl and the superna-
tant was retained. The beads were then eluted with 250
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L each of 25, 50, and 75% acetonitrile/water contain-
ing 0.1% TFA, pooling the extracts prior to analysis. 1
L portions of the supernatant and of the extract were
reserved for MALDI analysis. The supernatant and
extracts were combined and concentrated by solvent
evaporation with a Savant SpeedVac Concentrator
(Fisher Scientific, Ottawa, Ontario, Canada) to a final
volume of approximately 200 L. The sample was then
subjected to HPLC fractionation and analysis.
Solution Digestion of Protein
A 10 L protein sample, at a concentration of 1 g/L,
was buffered with 1 L of 1 M NH4HCO3 and digested
using 1 L of 1 g/L trypsin. The solution was
incubated at 37 °C for 2 h. The digestion was stopped by
acidifying the solution with 10% TFA.
Protein Digestion in Micro-Columns
The design of the micro-column is based on work
presented by Roepstorff and co-workers [28] and by
Annan et al. [29]. Briefly, the column is formed from a
Micro capillary gel loader tip (1–200 L), which had
been pinched at its end with pliers. A piece of glass
micro-fiber membrane formed a frit in the micro-col-
umns. The columns were packed with micro-bead resin
by transferring an aliquot of the resin, suspended in
methanol at a concentration of 10 mg/mL, to the gel
loader tip. The procedure for sample loading and
digestion is based on our previous work [6, 7]. Pressur-
ized nitrogen gas was used to pump the protein sam-
ples through the columns at an approximate flow rate
of 10 L/min. Each 100 L sample was pumped
through the column a total of three times. The column
was then washed with 100 L of water. The BSA and
lysozyme samples were treated with DL-dithiothreitol
(DTT) and iodoacetamide in order to break disulfide
bonds prior to loading on the column, using standard
protocols. The adsorbed protein was digested by flow-
ing a 10 L solution of 31 ng/L trypsin in 50 mM
NH4HCO3 through the column. A small volume of
enzyme solution was left in the column to prevent the
beads from drying. The column was incubated for 30
min at 37 °C, after which the column was eluted with 3
L of 50% acetonitrile/water with 0.1% TFA. Each
column was used once and then discarded.
HPLC Separations and Fractionation
Peptides were separated by HPLC on an Agilent Series
1100 chromatographic system (Agilent Technologies,
Palo Alto, CA) using a Vydac n-octylsilica (C8) column
(Heseria, CA) with dimensions of 250  4.6 mm.
Gradient elution was performed using 0.02% (vol/vol)
TFA in water (buffer A) and 0.02% (vol/vol) TFA in
acetonitrile (buffer B). For on-line mass spectrometric
detection, 0.5% acetic acid was used in place of TFA.
The gradient used was as follows: hold B at 2% for 5
min, then increase from 2 to 50% B over 48 min. The
flow rate was set at 1 mL/min. For separation of the
adsorbed cytochrome c digests, approximately 25% of
the total sample was injected on the column. For the
solution phase digest, 10 L of the sample, equivalent to
8.3 g of cytochrome c, was injected on the column. UV
chromatograms were recorded at 210 nm. For off-line
analysis of the chromatographic separation by MALDI,
the effluent was collected in vials at one min intervals
with an automated fraction collector. The 1 mL fractions
were concentrated to approximately 50 L by solvent
evaporation. The concentrated samples were then ana-
lyzed by MALDI-TOF MS.
Mass Spectrometry
For MALDI analysis, the matrix -cyano-4-hydroxycin-
namic acid (HCCA) was used. Prior to use, the HCCA
was purified by recrystallization from ethanol. A two-
layer deposition method, previously reported by our
group, was used to prepare the samples [30]. On-probe
washing was performed by placing a 1 L droplet of
water on the dried sample spot and blowing off the
water with air after a few seconds. The MALDI spectra
for the in-column digests were collected on a linear
time-lag focusing MALDI time-of-flight mass spectrom-
eter, which was constructed at the University of Alberta
and has been described in detail elsewhere [31]. The
fractions from the HPLC separation were recorded
using a Bruker Reflex III MALDI time-of-flight system
(Bremen/Leipzig, Germany). All spectra are the results
of signal averaging of between 100 and 200 shots. Data
processing was performed with the IGOR Pro software
package (Wavemetrics Inc., Lake Oswego, OR).
On-line liquid chromatography/electrospray ioniza-
tion mass spectrometry (LC/ESI-MS) analysis was per-
formed on a Finnigan LCQdeca ion trap mass spectrom-
eter (Finnigan, San Jose, CA). The effluent from the
column was split, allowing approximately 20 L/min
to flow to the ion trap for MS analysis.
Results and Discussion
HPLC Separation with UV Detection of Peptide
Fragments
Cytochrome c was chosen as a model protein to study
how the digestion efficiency is affected by adsorption of
the protein to a hydrophobic support. This small, hy-
drophilic protein is readily digested by the enzyme
trypsin, producing peptides that are easily separated by
HPLC as well as detected by mass spectrometry. Cyto-
chrome c was subjected to tryptic digestion following
adsorption to R2 or C18 beads using the procedure
described in the experimental section. For comparative
purposes, the protein was also digested with trypsin
using a traditional solution-phase digestion procedure.
The resulting digestion products were separated by
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HPLC and the corresponding UV chromatograms are
displayed in Figure 1.
Figure 1a displays the UV chromatogram for the
peptide fragments of the solution digest of cytochrome
c. The UV chromatograms for the surface-bound diges-
tions on C18 and R2 beads are presented in Figure 1b
and c, respectively. When compared to the UV chro-
matogram from the solution digest, it is apparent that
the adsorption of cytochrome c to these surfaces alters
the digestion process. In particular, the solution digest
reveals various peaks early in the separation having
strong signal intensities that display only low intensi-
ties in the surface digests. Also, the two surface digests
(Figure 1b and c) reveal intense peaks between 35 and
40 min, which are essentially absent in the chromato-
gram of the solution digest (Figure 1a). These results
lead to the conclusion that the tryptic digestion of
cytochrome c adsorbed to a surface produces an in-
creased proportion of larger, more incompletely di-
gested peptide fragments, compared to a solution di-
gestion of the same protein. We note that increasing
digestion times under the experimental conditions used
for surface digestion as well as solution digestion did
not result in any more complete digestion. This was
evident in a series of experiments where digestions
were carried out in varying time periods (from 10 min
to 24 h) and the resulting digests were analyzed by both
UV chromatography and MALDI MS. No apparent
changes in UV chromatograms and MALDI spectra
were observed (data not shown). Also, these differences
cannot be attributed to individual peptides being irre-
versibly bound, or lost from the support. In a experi-
ment that followed, it was found that when the diges-
tion products of a solution digest of cytochrome c were
loaded and subsequently eluted from the bead surface,
no apparent changes were observed in the UV trace
compared to the one originally obtained (Figure 1a).
A comparison of the chromatograms from the sur-
face-bound digests of cytochrome c on C18 and on R2
beads (Figure 1b and c) reveals a closer resemblance.
Compared to the UV trace of the solution digest, these
two traces display many peaks at similar retention
times having similar relative peak intensities. This
therefore demonstrates that the relative abundances of
many of the peptide fragments in each digest are
somewhat similar. Some notable differences are ob-
served between the UV chromatograms from Figure 1b
and c. For example, Figure 1c (R2 beads) reveals a
slightly higher relative amount of early eluting peptides
than that of Figure 1b (C18 beads). Also, the relative
intensities of the partly resolved peaks between 35 and
40 min in the UV trace are noticeably different in these
two traces. These results therefore indicate that for these
two different supports, the type of surface has only a
minor influence on the digestion process for surface-
bound proteins. It should be noted that in conducting a
comparison of digests of a protein on various hydro-
phobic surfaces the conditions for digestion were opti-
mized according to each surface used. As mentioned in
our previous work [6], improved digestion can be
achieved as the bead surface becomes increasingly
saturated with protein. The initial experiments involv-
ing the comparison of R2 and C18 surfaces by HPLC
were therefore conducted under completely saturated
digestion condition in which the maximal amount of
protein was bound to the bead surface prior to diges-
tion. Using less than saturated condition will create
additional variables in comparing the effect of surface
property on digestion. For example, a non-saturated
surface can adsorb and/or denature trypsin, which
leads to a less than optimal digestion process such as
impeded enzyme activity and increased trypsin autol-
ysis [6]. Since the surface area and protein adsorptivity
are different for different beads (see below), a fixed
amount of protein cannot be applied for adsorption
onto all beads, as this would result in different protein
coverage on different surfaces. Thus, experiments con-
ducted under saturated surface coverage conditions
provide the best assessment on the influence of the
surface characteristics on trypsin digestion.
To gauge the amount of protein adsorbed on each
type of bead surface, cytochrome c was loaded on 7.5
mg of beads, as described in the Experimental section.
Subsequently, the undigested protein was eluted from
Figure 1. UV chromatograms for the HPLC separations of pep-
tide fragments from the digestion of cytochrome c: (a) in solution,
(b) on C18 silica beads, and (c) on polymeric R2 beads.
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the bead surface with 75% acetonitrile/0.1% TFA, the
acetonitrile was evaporated by SpeedVac, and the pro-
tein was quantified using the Bradford Protein Assay. It
was found that, under the conditions used in this work,
the amount of cytochrome c adsorbed to the R2 surface
was 1.1 mg, and 1.9 mg for the C18 surface. It was also
found that 1.5 mg and 2.3 mg of cytochrome c adsorbed
to C4 and C8 silica beads, respectively. It is clear that
different amounts of proteins are adsorbed on different
beads. However, these protein amounts represent the
saturation of each bead surface. We also note that
MALDI analysis of the digestion products revealed a
very weak cytochrome c peak, indicating that a small
amount of intact cytochrome c still remains after diges-
tion. Since MALDI is not quantitative, the exact amount
of the intact protein cannot be determined. No attempt
was made to quantify the intact protein by ESI MS,
since ion suppression of protein signals in the presence
of large amount of peptides is severe and reversed-
phase LC separation of proteins from digested peptides
is difficult. The presence of undigested cytochrome c in
the beads may be attributed to those adsorbed on
certain areas of the beads that are not accessible by
trypsin. Nevertheless, under the saturated digestion
conditions, the UV traces can be readily reproduced
and do not change significantly as the digestion time
varies from 10 min to 24 h. While the UV chromato-
grams shown in Figure 1 provide some quantitative
comparison of the digestion products and illustrate that
the overall digestion efficiency on a C18 or an R2
surface, although comparable between each surface, is
clearly different than a solution digestion of the same
protein, these results do not provide information on the
identities of these digestion products. In the following
sections, we present the results from MS analysis of the
digestion products to compare the number and type of
peptide fragments generated by the tryptic digests.
MS Detection of Solution and Surface-Bound
Protein Digests
Because of the need to survey as many digested pep-
tides as possible to provide a better amino acid se-
quence coverage of the protein, three modes of MS
detection were carried out for analyzing the products of
protein digests, namely LC/ESI, LC/off-line MALDI,
and direct MALDI, as described in the experimental
section. Peptide fragments of cytochrome c observed
under these three detection methods were recorded and
the results are summarized in Figures 2, 3, and 4. Figure
2 displays the peptides observed from the solution
digest of cytochrome c, while Figures 3 and 4 list the
peptide fragments detected from the C18 and R2 bead
digestions, respectively. The first column in these fig-
ures lists the predicted cleavage sites from tryptic
digestion of cytochrome c. The peptides detected by
either MALDI or ESI MS are organized according to the
number of missed cleavages they contain.
As Figure 2 shows, under the conditions used, a
solution digestion of cytochrome c results in a partial
digest of the protein, since many incompletely digested
Figure 2. Tryptic peptides detected from the digest of cyto-
chrome c in solution by using MALDI and ESI-MS. The fragments
observed exclusively in the direct MALDI analysis are indicated
with a gray bar, while those exclusive to LC/off-line MALDI are
indicated with a checkered bar. Fragments commonly observed in
each MALDI analysis method are indicated with a black bar.
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peptide fragments were detected. The partial digestion of
cytochrome c results in a total of 41 unique peptides
observed by MALDI and ESI MS analysis. It is noted that
a more complete analysis of the generated peptide frag-
ments is obtained by incorporating all three MS detection
schemes since some peptides were exclusively observed in
each of the three detection methods. It is likely that
additional peptide fragments remained undetected. In
particular, short peptide fragments (spanning from 1 to 4
amino acid residues), are difficult to detect by MALDI MS
or ESI MS owing to their low molecular weight or inability
to retain on a reversed-phase separation column. None-
theless, the combination of the three MS detection
schemes resulted in 100% sequence coverage for cyto-
chrome c. Also, from the peptide fragments detected as
shown in Figure 2, all possible tryptic digestion sites of
cytochrome c were cleaved and some fragments contain-
ing missed cleavage were detected.
Figure 3. Tryptic peptides detected from the digest of cytochrome c bound to the C18 surface by
using MALDI and ESI-MS. The fragments observed exclusively in the direct MALDI analysis are
indicated with a gray bar, while those exclusive to LC/off-line MALDI are indicated with a checkered
bar. Fragments commonly observed in each MALDI analysis method are indicated with a black bar.
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Comparing the solution digest (Figure 2) to the
digests of cytochrome c bound to C18 and R2 beads
(Figures 3 and 4), it is obvious that bead digestions
generates a larger number of detectable peptide frag-
ment. A total of 66 unique peptide fragments were
detected from the R2 bead digest, while 77 unique
peptide fragments were observed from the C18 bead
digest. This is attributed to the fact that the degree of
cleavage for each site in the bead digestion is lower than
in the solution digestion. Large peptide fragments con-
taining as many as nine missed cleavages were ob-
served from the bead digests. Most of the larger frag-
ments from the bead digests (having three or more
missed cleavages) were not detected from the solution
digest. On the other hand, some of the peptides de-
tected in the solution digest having no, or only one
Figure 4. Tryptic peptides detected from the digest of cytochrome c bound to the R2 surface by using
MALDI and ESI-MS. The fragments observed exclusively in the direct MALDI analysis are indicated
with a gray bar, while those exclusive to LC/off-line MALDI are indicated with a checkered bar.
Fragments commonly observed in each MALDI analysis method are indicated with a black bar.
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missed cleavage, were not detected in the bead di-
gests. In particular, the results of Figures 3 and 4
reveal a gap in the amino acid sequence between
residues 56 to 73 in the MALDI detected peptides
with none or one missed cleavage. Attributed to
increased detection sensitivity of lower molecular
weight peptides, the ESI results reveal a portion of
this sequence (i.e., residues from 55 to 66) in the C18
digest, but again did not detect the completely di-
gested fragment that spans residues 61 to 72 on either
surface. Also, a greater number of peptides having an
increased number of missed cleavages were observed
by ESI, as well as by MALDI, covering this region of
the protein. This therefore indicates that the degree of
digestion at this portion of the molecule is signifi-
cantly reduced by adsorption to the bead surface.
Based on the significant number of peptides detected
having a greater proportion of missed cleavage sites
(4 per fragment), it can be concluded that the
adsorption of cytochrome c to R2 or C18 beads results
Figure 5. MALDI spectra showing the in-column digestion of 100-nM cytochrome c, where the
column was packed with (a) Vydac C18, (b) C8, (c) C4, and (d) Poros R2 beads. In the spectra, the label
“C” refers to peptide fragments of cytochrome c, and “T” refers to peptide fragments resulting from
trypsin autolysis.
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in an overall reduction in digestion efficiency, which
is more pronounced at certain regions of cytochrome
c.
We note that the combination of the three detection
schemes used to analyze the digestion products pro-
vides a more detailed investigation on the subtle differ-
ences between surface- and solution-phased digests. In
particular, analysis by LC/ESI alone would not have
revealed most of the larger peptides that were detected
by MALDI and LC/MALDI, which constitute the great-
est observed differences between the surface and solu-
tion digests.
Although less complete digestion is observed as
cytochrome c is adsorbed to a solid support, all cleavage
sites of cytochrome c were still digested to some degree.
Therefore, it can be concluded that protein adsorption
does not completely block the digestion of any individ-
ual digestion site of this protein. The data shown in
Figures 2–4 also suggest that the effect of support type
on the extent of digestion is relatively small compared
to the differences resulting between a solution digestion
and a digest of a surface-bound protein, which is in
agreement with the data from the UV chromatograms.
It should be noted that the observation of bead
digestion producing a peptide map containing a much
wider range of peptide fragments compared to solution
digestion is significant for protein identification and
characterization. Just as various enzymes can be used to
generate unique peptide fragments from a protein, this
work shows that the adsorption of a protein to a surface
can generate unique peptides from a digestion with the
same enzyme. Peptide fragments containing a higher
degree of missed cleavage sites are useful to confirm the
sequence of a segment of protein observed from smaller
peptide fragments. In other cases, where cleavage sites
are closely spaced within a given protein, segments of a
given protein are sometimes only detected with MALDI
or ESI as portions of larger fragments with increased
missed cleavages. This is particularly useful where the
detection of all residues is required, as in the case of
amino acid sequencing or the localization of post-
translational modifications.
In-Column Digestion of Proteins on Various
Supports
As it was demonstrated recently [3], microbeads packed
in a microcolumn can be used for protein capture and
digestion. Protein capture requires a strong binding of
protein to the bead surface, hence favors the use of
more hydrophobic surfaces such as C18. However,
strong binding may adversely affect the digestion pro-
cess. The effects of various supports on digestion of
proteins captured from a dilute solution are therefore
investigated. Figure 5 shows the MALDI spectra ob-
tained from the digests of cytochrome c adsorbed to
four commonly used chromatographic beads. Solutions
consisting of 100 L of 100 nM protein were used to
load the microcolumns. The microcolumns were packed
with Poros R2 beads, C18 bonded-phase silica beads, C8
beads, or C4 beads. The results shown in Figure 5
represent the digestion products that were obtained
under optimized in-column digestion conditions for the
dilute protein solutions used. As seen in Figure 5, many
peaks corresponding to peptide fragments of cyto-
chrome c are visible in the MALDI spectra (these peaks
are labeled “C”). Also, other peaks were detected,
including trypsin autolysis fragments (labeled “T” in
the figure) as well as a few commonly observed matrix
clusters of HCCA. In addition, several unidentified
peaks (i.e., most unlabeled peaks in the figure) are
visible in the spectra displayed in Figure 5. In particu-
lar, an increased number of unknown peaks are ob-
served in the MALDI spectrum as the support is varied
from R2 to C18 to C8 to C4. It is suspected that these
peaks may also be the fragments of cytochrome c,
arising from non-specific tryptic cleavage of the protein
while adsorbed to the various supports. These uniden-
tified peaks, along with other differences, such as signal
intensities, contribute to the observed differences in the
MALDI spectra for digests on the various bead sup-
ports.
Although the spectra shown in Figure 5 exhibit
several differences, the information conveyed by the
MALDI spectra for each surface digest is very similar.
This is more clearly shown by the data presented in
Table 1, which lists the peptide fragments detected from
each of the four column digestions. From this table, we
see that the obtained peptide mass maps from the
cytochrome c digests on each type of support are very
similar. A similar number of peptide fragments were
detected from the digests on each surface type, several
of which being common to all four surfaces. Of the
peptide fragments that were not commonly observed in
each digest, most were of low signal intensity. These
results indicate that the choice of surface employed (i.e.,
R2, C18, C8, or C4) has little effect on the outcome of the
obtained peptide fragments from MS detection.
These results were further confirmed by digestion of
various proteins on each of the four support types. A
microcolumn digestion of BSA (using 100 L of 100 nM
protein to load the column) also revealed similar results
with each of the four surfaces. These results are sum-
marized in Table 2. In this case, between 32 and 36
peptides were detected from each individual digest,
with 26 peptide fragments being common to each of the
four surfaces. Again, the peaks detected that were
unique to a single support type were only weakly
observed in the MALDI spectra. Similarly, microcol-
umn digests of 100 nM lysozyme on each of these four
surfaces were essentially identical in terms of the num-
ber of peaks, as seen in Table 2. In this case, between 14
and 17 peaks were detected from each individual di-
gest, and of these 12 peptides were commonly observed
in each of the four digests. The 12 commonly observed
peptides represent 73% sequence coverage. As high as
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100% sequence coverage could be obtained from an
individual digest, as some larger individual fragments
can contribute to a somewhat greater difference in the
sequence coverage.
We note that we have not investigated the effect of
surface chemistry on digestion of very hydrophobic
surface-bound proteins. It was shown earlier [6] that
this type of protein requires chemical cleavage prior to
trypsin digestion.
Effects of Bead Construction and Pore Size
on Digestion
We have explored the possible effects of pore size of the
beads on protein digestion. Proteins may enter pores of
the beads, making them less accessible to trypsin. To
address this, we compared the peptide maps obtained
from the digestion of cytochrome c on various polysty-
rene divinylbenzene surfaces, each having differences
Table 1. Tryptic peptides detected from the digests of cytochrome c bound to various surfaces
Peak #
Amino acid
residue
Peak
mass
Type of hydrophobic surface
C18 C8 C4 R2
1 1–8 860.5 x
2 1–13 1475.9 xa x x x
3 6–13 947.6 x
4 9–22 2250.8 x
5 14–22 1635.4 x
6 23–38 1675.9 x
7 23–39 1804.0 x
8 26–39 1561.9 x x x x
9 26–38 1433.8 x x x x
10 28–38 1168.6 x x x x
11 28–39 1296.7 x x x x
12 39–53 1598.8 x x x x
13 39–55 1840.9 x x x x
14 40–53 1470.7 x x x x
15 40–55 1712.8 x x x x
16 56–72 2081.0 x x x x
17 56–73 2209.3 x x x x
18 61–72 1495.7 x
19 61–73 1623.8 x
20 73–79 806.5 x x x x
21 74–88 1695.0 x x
22 80–86 779.4 x x x x
23 80–87 907.5 x x x x
24 87–100 1735.0 x x x x
25 87–104 2150.2 x
26 88–99/ 89–100 1478.8 x x x x
27 87–99/ 88–100 1606.9 x x x x
28 88–104 2022.1 x x x x
29 89–99 1350.7 x x x x
30 89–104 1894.0 x x x
31 92–99 964.5 x
32 92–100 1092.6 x x x
33 92–104 1507.8 x x
Total number of peaks 23 22 23 28
Sequence coverage 89% 97% 97% 91%
aAn ‘x’ indicates that the peak was observed in the MALDI MS analysis of the digestion products.
Table 2. Summary of digestion products detected by MALDI MS resulting from in-column digests of 100-nM lysozyme and 100-nM
BSA using four hydrophobic supports to pack the columns
lysozyme BSA
C18 C8 C4 R2 C18 C8 C4 R2
Number peptides detected 15 14 14 17 32 36 36 36
Sequence coverage 73% 79% 99% 100% 38% 36% 47% 48%
Common peptides 12 common peptides (73% coverage) 26 common peptides (31% coverage)
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in pore sizes. The four different beads used in this study
included PRP-3 beads (mean pore size 300 Å, 12–20 m
diameter), PRP-1 beads (mean pore size 100 Å, 12–20
m diameter), and PRP-Infinity beads (non-porous, 4
m diameter), as well as R2 beads (having through-
pores of 6000–8000 Å, and diffusive pores of 800–1500
Å, bead diameter 20 m). The obtained MALDI spectra
from digests of cytochrome c, lysozyme, and BSA
adsorbed on these beads were all similar in terms of the
number and type of peptides detected (data not shown).
In particular, samples digested on the PRP-Infinity
beads, which do not have any pores, did not improve
the quality of the MALDI spectrum, compared to sam-
ples digested on beads of varying pore sizes. Therefore,
it is concluded that pore size does not have a significant
effect on the digestion efficiency of an adsorbed protein.
Conclusions
Protein samples that are soluble in aqueous solution can
be digested with trypsin while adsorbed on hydropho-
bic surfaces, namely reversed-phase chromatography
beads. UV chromatographic analysis of the protein
digests clearly indicates that the overall digestion pro-
cess is altered in going from a solution digest to a
surface-bound digestion, however, only minor differ-
ences can be observed as a result of varying the surface
from R2 to C18 beads. Mass spectrometric analysis
specifically shows the difference in the type of peptides
generated from these two methods (solution versus
surface-bound digests). We demonstrate that using a
combination of direct MALDI, LC/off-line MALDI, and
LC/ESI MS analysis, instead of using a single MS
detection technique by itself, subtle changes in protein
digestion characteristics can be revealed. It is shown
that a greater number of peptides containing missed
cleavage sites are detected in the surface digestion.
We have also demonstrated that peptide mass maps
obtained by direct MALDI analysis show similar levels
of protein sequence coverage for the digests of proteins
bound to C18, C8, C4, and R2 beads. In addition, the pore
size of the beads does not have a significant effect on the
digestion characteristics of an adsorbed protein. Thus,
for protein identification by peptide mass mapping
using direct MALDI analysis of the surface-bound
protein digest, any one of the hydrophobic surfaces
examined herein can be used. The choice of the micro-
bead surface is therefore mainly dependent on the
efficiency of protein retention, which can be optimized
for different applications. For example, C18 beads
should provide a better retention for many proteins and
thus they are the preferred media for routine micro-
column digestion experiments.
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